Ni 2.17 Mn 0.83 Ga transforms between a cubic structure and a coexistent state of an orthorhombic and a monoclinic structure. The electronic structures of Ni 2.17 Mn 0.83 Ga and Ni 2 MnGa were calculated for thin films to investigate the influence of excess nickel and the effect of the surface on the phase stability. The total energy and band energy were also calculated to examine the role of the each constituent atoms in the structural stability. It is theoretically predicted that the Ni 2.17 Mn 0.83 Ga film preserve the shape memory property like the bulk states and that the excess nickel atoms contribute largely to the stability of the monoclinic structure.
Introduction
It has been actively discussed that Ni 2+x Mn 1−x Ga is multifunctional shape memory alloys. The striking property of Ni 2+x Mn 1−x Ga is having the possibility of controlling the shape memory effect not only by the temperature but also by varying the external magnetic field. Ni 2 MnGa is the base of those alloys and has the Heuser type structure as shown in Fig. 1 .
Ni 2 MnGa is a ferromagnetic shape memory alloy and the Curie temperature (Tc) and the martensitic transformation temperature (Tt) are 376 K and 202 K, respectively. Although Tc and Tt of Ni 2 MnGa are apart, those of Ni 2+x Mn 1−x Ga approach each other as the value of x increases. The alloys with the value of x = 0.18-0.2 in this system possess noteworthy feature. Because the Curie temperature Tc coincides with the martensitic transformation temperature Tt at these composition ranges, the possibility of controlling the shape memory effect by varying the external magnetic field becomes higher.
Two different observations about the martensitic structure of Ni 2+x Mn 1−x Ga were reported. Wedel et al. 1) observed a :Mn :Ga :Ni tetragonal structure but Inoue et al. 2) did a coexistent state of a monoclinic and an orthorhombic structure. Both of the groups observed a cubic structure at high temperatures. The electronic structures of Ni 2+x Mn 1−x Ga bulk were calculated and it was found that the martensitic phase of Ni 2+x Mn 1−x Ga could be the coexistent state of the orthorhombic and the monoclinic structure.
3) The results show that the monoclinic structure is the most stable; therefore, we pay attention to the monoclinic structure and the cubic one. The electronic structures of Ni 2+x Mn 1−x Ga film are also calculated to make clear the characteristic properties of thin films by comparing of those of the bulk. The band calculations for Ni 2 MnGa films are also done in order to study the effect of excess nickel atom.
Crystal Structure and Method of Calculation
It is difficult to conceive a unit cell of Ni 2+x Mn 1−x Ga with x = 0.18-0.2. Therefore, Ni 2.17 Mn 0.83 Ga 3) was chosen as shown in Fig. 2 , where one of the six Mn atoms is replaced by a Ni atom in the unit cell of the bulk. This corresponds to the composition with x = 0.166 · · · . The excess nickel atom is named as 'Ni(e)'. Hereafter, we described this alloy as Ni 2.17 Mn 0.83 Ga.
Four structures of cubic (cub.-), tetragonal (tet.-), orthorhombic (orth.-) and the monoclinic (mono.-) structures were considered for the bulk of Ni 2 MnGa and Ni 2.17 Mn 0.83 Ga.
3) All of them has a monoclinic symmetry which is the lowest one among four symmetries. The four structures were treated as the mono.-structures with the different angles of β as shown in Fig. 2 , so as to calculate under the same condition as possible. We also considered three atomic sites for Ni(e); one of Mn sites and two of Ga sites. 3) In followings, the (010) planes are treated and their structures are based on their bulk structures. The relaxation near the surface is not considered in this paper.
The axis vertical to the origin of the coordinates are chosen to be a MGN plane and the position of a Ni(e) atom, respectively. The film has a period of four layers which are arranged in the order of MGN, N, MG and N planes from the center. Figure 1 will help us to imagine the piling arrangement, although the Ni(e) is neglected. Band calculations were carried out self consistently by the LMTO-ASA method.
4) The exchange correlation potential was treated within the framework of the local-spin-density (LSD) approximation.
5)

Results and Discussion
Total energy
In this paper, films named by the symbol 'Fn' (n = 3-6) are treated, where n means the number of layers of one side of the central plane, that is, the Fn film has 2n-1 layers. The total energies of F3 and F4 films for Ni 2.17 Mn 0.83 Ga were calculated for the four crystal structures (cub.-, mono.-, orth.-, and tet.-structures) and for three sites of Ni(e). The result, concerning about the stability order due to different structures or different Ni(e) sites, showed the same tendency as the bulk. 3) Therefore, it can be expected that the bulk property is preserved in the thin films. The total energy is the lowest for the mono.-structure among the four structures and for the Mn site among three Ni(e) sites, so we take that the mono.-structure having Ni(e) in the Mn site is the representative and characteristic phase as the martensitic phase. The electronic structures of the F5 and F6 films were moreover calculated for the cub.-and mono.-structures to investigate the thickness dependence of the property of films.
Band energy
To examine the role of the each constituent atoms in the stabilization of the crystal structure, the band energies (Eband) per atom were calculated. They were estimated by integrat- -2.1 ing the one-electron energies weighted by the density of sates (DOS) over the states occupied by electrons. The differences of the Ebands (∆ Eband) between the cub.-structure and others are estimated from the local DOS of the constituent atoms. They are shown in Figs. 3(a) and (b) . Each layer has four kinds of atoms so their atoms should be numbered to distin-guish them. For example, F5 film has five layers in one side and contains twenty kinds of atoms. As seen in Fig. 3 each atom is sequentially numbered from the center to the surface. The values of ∆ Eband show all of the constituent atoms contributes to the stability of the mono.-structure. Especially, the contribution of Ni(e) is conspicuous. The contribution of Ni atoms on the surface to the stability of the mono.-structure is larger than the others in the inner layers. This is one of surface effects. However, the effect is not seen in the case that Mn and Ga atoms are on the surface. That is, the band energies of Mn and Ga atoms contribute to the stability of the mono.-structure nearly equally no matter they are on the surface or in the inner layers. When Ni atoms occupy the surface, the charge neutrality is fulfilled. On the other hand, when Mn and Ga atoms appeared on the surface, Mn atoms become positively charged and Ga atoms become negatively charged. The imbalance of charge may be one of the reasons of the disappearance of the surface effect for Mn and Ga atoms. Thus, what kind of atoms come on the surface affects the character of the electronic structures of the film.
To confirm the role of Ni(e) atom, the density of states of stoichiometric Ni 2 MnGa films were additionally calculated and then ∆ Eband between the mono.-and cub.-structures were also estimated. (Figs. 3(c) and (d) ), it is revealed that the contribution of Ni(e) to the stability is extremely large.
Density of states
At first, we pay attention to the DOS of Ni(e)1 atom in the central layer of the F5 film shown in Fig. 4(a) . The DOS of Ni(e)1 in the cub.-structure is similar to that of Ni(e) in bulk state. The nearest neighbors are the same as those of the body-centered structure, so the shape of Ni(e)1 DOS has two peaks of the typical shape of the bcc DOS. Comparing Ni(e)1 DOS for the cub.-structure with that for the mono.-structure, the latter has no longer clear two peaks. Their peaks collapse and bury the valley between them. The occupied states move toward the low energy side. The large change suggests that the band energy of the mono.-structure is fairly lower than that of the cub.-structure. The large change is owing to the change of neighbors. The nearest neighbors are two Ga atoms in the mono.-structure. The large change of DOS brings the large energy gain to the Ni(e) in the mono.-structure.
Then, we turn our attention to the DOS of Ni(e)2 on the surface of the F5 film shown in Fig. 4(b) . The atoms on the surface have fewer neighbors than the inner atoms, so the electrons on the surface are more localized, compared with those in the inner layers and the energy band becomes narrower as seen in the Ni(e)2 DOS. The features are seen for both of the cub.-and mono.-structures and as a result, the ∆ Eband of the Ni(e)2 is nearly equal to that of Ni(e)1. Therefore, the contributions of Ni(e)1 and Ni(e)2 on the stability of the mono.-structure are nearly same in spite of the large change of their DOS shapes.
Characters of films
The effects of the surface are also seen in the DOS of Mn and Ni as seen in the Ni(e) DOS. The Mn DOS of the F5 the high peak just below the Fermi level shifts to the lower energy region and the band tail above the Fermi level becomes smaller. The band narrowing is seen for the Mn4 DOS for the majority-spin states. On the other hand, the band tail of the minority-spin below the Fermi level is smaller for the Mn4 than the Mn1. Thus, there is a tendency that the states on the surface get together under and above the Fermi level in the majority-and minority-spin states, respectively. This means that the electrons with majority-spin increase and the electrons with minority-spin decrease on the surface. Therefore, the magnetic moment is enhanced on the surface. For example, the Mn moment of the F5 film is 3.21 µ B on the Mn1 and 4.0 µ B on the Mn4. The same feature is seen in the mono.-structure; the Mn moment in the F5 film is enhanced from 2.7 µ B to 3.5 µ B . The Ni DOS of the majority-spin of the F6 film are compared for the cub.-and the mono.-structures in Fig. 6 . The Ni4 is in the second layer and the Ni12 is on the surface. The DOS shape of the cub.-structure has no longer two peaks as that of Mn and Ni(e), because the nearest neighbors are not eight transition elements. The DOS becomes narrower on the surface as seen in those of Ni(e) and Mn, and sifts considerably to the lower energy range. As seen in Fig. 3 , the large shift brings the large difference of the band energy on the surface, compared in the inner layers.
Summary
The total energies of films of Ni 2.17 Mn 0.83 Ga are calculated for the cubic, tetragonal, orthorhombic and monoclinic structures. The order in magnitude is the same as that of the bulk. Therefore, it can be expected that the most properties in the bulk including the shape memory property are preserved in the thin films. The band energies show that excess nickel atoms largely contribute to the stability of the monoclinic structure as in the bulk. The contribution to the stability of the monoclinic structure is larger for Ni atoms on the surface than in the inner layer. This feature can be visually understood by the change of the DOS shape due to the band narrowing on the surface. On the other hand, when Mn and Ga atoms are on the surface, their contributions to the stability of the monoclinic structure are nearly same as those in the inner layer, although the difference of DOS shape between the surface and the inner layer is large. These different features might come from the difference of the charge neutrality of the atoms on the surface, that is, what kind of atom comes on the surface is significant.
The magnetic moment on Mn in the monoclinic structure is about 0.4-0.5 µ B smaller than that in the other structures as in the bulk. And, the moment on Mn is enhanced on the surface owing to the band narrowing. The increase is about 0.5-0.6 µ B on Mn and 0-0.5 µ B on Ni.
